Mitochondria are sentinel organelles that are impacted by various forms of cellular stress, including viral infections. While signaling events associated with mitochondria, including those activated by pathogen associated molecular patterns (PAMPs), are widely studied, alterations in mitochondrial distribution and changes in mitochondrial dynamics are also beginning to be In combination, our data suggest that VEEV infection results in significant changes in the mitochondrial landscape that may influence pathological outcomes in the infected cell.
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Mosquito cells may be less susceptible to mitochondrial dysfunction in the context of TC-83 infection
In the context of mosquito-transmitted virus infections, it has been observed that insect cells possess distinct mechanisms to regulate ROS levels which actually contribute to decreased apoptosis. 31--33 It is therefore of relevance to determine if VEEV infection will impact insect cells and lead to accumulation of ROS in a similar manner as we observed in U87MG cells. We 
Mitochondrial distribution is altered in TC-83 infected U87MG cells
Viral infections, such as those caused by HBV, have been shown to cause a perinuclear clustering of mitochondria in an infection-dependent manner. 21 A similar redistribution of mitochondria around the nucleus of infected neurons was demonstrated in the case of HSV infection accompanied by increased concentration of viral tegument proteins around the nucleus. 34 Interestingly, such a perinuclear clustering of mitochondria was also observed in fibroblasts obtained from Alzheimer's patients, suggestive of a relevance to neurodegenerative conditions. 35 We wanted to determine whether TC-83 infection led to alterations in the distribution of mitochondria in infected cells. TC-83 infected U87MG cells were processed for immunofluorescence analysis using anti-TOMM20 (mitochondrial membrane protein) and anti-VEEV capsid antibodies. We observed that in the cells positive for VEEV capsid, the mitochondria appeared to accumulate around the nucleus ( Figure 3A ). This was in contrast to the filamentous, disperse localization that was evident in the uninfected cells. We determined that 62% and 69% of infected cells, at 2hpi and 6hpi respectively, displayed the perinuclear clustering phenotype ( Figure 3B ). The fragmented, perinuclear phenotype is shown at higher magnification in Figure 3C to contrast the mitochondrial intracellular distribution in the infected cells with the tubular network in uninfected cells. As part of this analysis, we observed that the VEEV capsid signal partially co-localized with the TOMM20 signal in the perinuclear region, suggesting that the viral capsid protein may also be a component of dysfunctional mitochondria in TC-83 infected cells ( Figure 3D ). As an added control, the distribution of VEEV capsid protein relevant to the endoplasmic reticulum (ER) was determined using antibodies to calnexin ( Figure 3E ). Our analysis did not reveal any localization of capsid protein in the ER at this time point.
We adopted a biochemical fractionation method to enrich for mitochondrial membranes as an alternate strategy to determine VEEV capsid association with mitochondria. U87MG cells were infected at increasing MOIs and separated into mitochondrial membrane and cytosolic fractions.
As expected, TOMM20 was detected in the WCE (lanes 1-3), enriched in the mitochondrial membrane fractions (lanes 4-6) and absent from the cytosolic fraction (lanes 7-9). VEEV capsid protein was enriched in the mitochondrial fraction obtained from infected cells with a minor 7% increase in the mitochondrial fraction at MOI: 20 versus MOI: 10 ( Figure 4B , lanes 5 and 6).
Thus, microscopic and biochemical fraction methods indicate that intracellular VEEV capsid protein could be detected in the mitochondria in TC-83 infected cells.
PINK1 and Parkin localized in mitochondria in TC-83 infected cells
Mitochondrial dysfunction, as observed with viral infection such as HBV and neurodegenerative disorders, is coincident with re-localization of specific host enzymes to the mitochondria. PINK1
is a host kinase that localizes to the mitochondria, where it is stabilized in the context of mitochondrial dysfunction. Localization of PINK1 in the mitochondria leads to the increased retention of Parkin, a ubiquitin ligase, in the mitochondria. Thus, localization of PINK1 and Parkin enzymes in the mitochondria are markers of damaged mitochondria that correspond with elimination of defective mitochondria by mitophagy. 21,36--38 We hypothesized that TC-83 infection will induce re-localization of PINK1 and Parkin to the mitochondria. WCE from all samples indicated that TOMM20, PINK1 and Parkin levels were comparable between uninfected and infected cells ( Figure 5A , lanes 1-3). This suggested that if there were differential enrichment of any of these target proteins in the mitochondria of infected cells, it was not the result of differential protein expression. We also independently determined that TC-83 infection did not result in an increase in the total protein levels of PINK1 and Parkin in infected cells by western blot analysis (data not shown). We observed that PINK1 was significantly enriched in the mitochondrial membrane fractions ( Figures 5A lanes 4-6, and 5B). Additionally, Parkin recruitment to the mitochondrial membranes was also increased in infected cells (Figures 5A lanes 4-6, and 5B). In contrast to PINK1, Parkin could still be detected in the cytosolic fractions of infected cells ( Figure 5A lanes 7-9). We also studied whether PINK1 and Parkin co-localized with VEEV capsid in infected cells. Immunofluorescent analysis of infected cells revealed that PINK1 co-localized with VEEV capsid in 47% of TC-83 infected cells ( Figure 5C ), while Parkin co-localized with VEEV capsid in 13% of infected cells ( Figure 5D ). Cumulatively, our microscopic and biochemical fractionation studies demonstrated that TC-83 infection resulted in re-localization of PINK1 and Parkin to mitochondrial membranes, with a partial co-localization of these host proteins with VEEV capsid.
Increased phosphorylation of Drp1 protein can be detected in infected cells
An important marker of mitochondrial fission is an increase in phosphorylation of Drp1 protein on Serine 616 (pDrp1-Ser616), as demonstrated in HBV infection. 21 We wanted to determine if 
Mitochondria display structural abnormalities in TC-83 infected cells
We performed Transmission Electron Microscopy (TEM) analysis of U87MG cells infected with TC-83 to determine whether infection could lead to changes in the mitochondrial structure.
Uninfected cells displayed what appeared to be normal mitochondria with intact internal membranes and cristae ( Figure 7A ). In infected cells, mitochondria displayed a range of abnormalities in structure, including partially swollen mitochondria ( Figure 7B ), internal membrane compacting ( Figure 7C ) and congregated mitochondria ( Figure 7D ). In the case of internal membrane compacting, we observed membranous structures that had no apparent connection to the outer membranes. These compact inner structures, which had a blebbed, membrane-like architecture, were not detected in uninfected cells and were larger than traditional granules. Collectively, our TEM studies revealed alterations in the structures of mitochondria in TC-83 infected cells.
Mitochondrial fission contributes to apoptosis in TC-83 infected cells
We questioned whether mitochondrial fission could play a role in the establishment of a productive TC-83 infection in U87MG cells.
To that end, we tested whether Mdivi-1, an inhibitor of mitochondrial fission, had an inhibitory effect on TC-83 multiplication. At concentrations up to 10µM, Mdivi-1 treatment did not induce U87MG cell death ( Figure 8A ). To determine if
Mdivi-1 could inhibit TC-83 multiplication, U87MG cells were pre-treated with Mdivi-1 prior to infection. Bortezomib was included as a positive control of TC-83 multiplication inhibition, as we previously demonstrated that Bortezomib exerts a robust inhibitory effect. 8 Our data indicated that Mdivi-1, an inhibitor of mitochondrial fission, did not have any inhibitory effect on TC-83 multiplication ( Figure 8B ).
The New and Old World Alphaviruses have previously been reported to increase apoptosis in an infection-dependent manner. 39--41 In the case of VEEV infection, apoptosis is partially mediated by an increase in caspase 3/7 cleavage. 29,42,43 As part of our TEM analysis, we observed increased plasma membrane blebbing in TC-83 infected cells, which is consistent with increase in apoptosis ( Figure 8C ). 44 Therefore, we wanted to test whether an inhibition of mitochondrial fission would decrease caspase 3/7 cleavage and thus decrease apoptosis. We then performed a fluorometric analysis of caspase 3/7 cleavage in TC-83 infected cells in the context of Mdivi-1 treatment ( Figure 8D ). Doxorubicin (DOX), a robust inducer of caspase 3/7 cleavage, was used as a positive control. We observed a statistically significant decrease in caspase cleavage in Mdivi-1 treated cells at 16hpi and 24hpi, indicating that mitochondrial fission may, in part, be contributing to VEEV-mediated apoptosis. To further investigate apoptosis driven by mitochondrial events in the context of TC-83 infection, we probed whole cell lysates from infected cells for two phosphorylated members of the B-cell leukemia 2 (Bcl-2) pro-apoptotic family: pBad-Ser112 and pBad-Ser136 ( Figure 8E ). We observed an increase in Bad-Ser136 phosphorylation at 4hpi, with an apparent bell-curve, MOI-dependent decrease in phosphorylation noted at 6hpi ( Figure 8E , compare lanes 4-6 and 7-9). We also observed a modest increase in Bad-Ser112 phosphorylation at 6hpi ( Figure 8E , lanes 7-9).
Finally, we wanted to evaluate if TC-83 infection would result in increased mitophagy in infected cells. We reasoned that with the extent of mitochondrial alterations that we have observed in infected cells, including recruitment of PINK1 and the disruption of mitochondrial function, it is likely that mitophagy will ensue. 45 To evaluate if mitochondria go through mitophagy, we used a fluorescence-based reporter assay that was previously used to demonstrate that mitophagy occurs in HCV infected cells. 22 This reporter plasmid, pAT016, is a monomeric red fluorescent protein (mRFP)-enhanced green fluorescent protein (EGFP) chimeric fluorescence reporter that encodes a mitochondrial targeting signal sequence fused in-frame with mRFP and EGFP genes. The rationale behind the utility of this plasmid is that EGFP is less stable in the acidic environment of the phagosomes that engulf mitochondria than the mRFP. Therefore, in the event that mitophagy occurs, the EGFP signal would be lost or attenuated, resulting in only the mRFP signal being observed via fluorescent microscopy. Our data indicate a powerful onset of mitophagy with 54% of infected, plasmid expressing cells displaying a remarkable reduction in EGFP fluorescence and unaffected mRFP signals ( Figure 8F ). To quantify relative transfection rates of the plasmid, we counted the number of cells that displayed mRFP signal. We determined the average transfection efficiency to be 37% in uninfected cells and 39% in infected cells, thus indicating a relatively equivalent representation of the reporter plasmid. As part of our TEM studies, we also observed instances where mitochondria were enclosed within membranes in infected cells, which could be indicative of mitophagy ( Figure 8G ). Thus, our data cumulatively indicate that mitochondrial fission is a preliminary event that subsequently contributes to apoptosis in the infected cell without having a direct impact on the establishment of a productive infection. Our data also support the potential of mitophagy being a downstream consequence of altered mitochondrial dynamics and functionality in TC-83 infected cells. Our studies led us to question whether mitochondrial fission was relevant to viral multiplication.
Discussion
Our studies with the inhibitor Mdivi-1 indicated that mitochondrial fission does not contribute to viral load in infected cells ( Figure 8B ). It has been reported that viruses do, in fact, utilize the ROS rich environment of infected cells in a manner that may favor aspects of viral multiplication including RNA synthesis. In the case of flaviviruses, it was shown that the guanylyltransferase activity of NS5 encoded polymerase was enhanced by oxidative conditions. 61 It remains to be determined if there are specific aspects of mitochondrial dysfunction that may be controlled by antioxidant treatment, which may have important implications in protecting terminally differentiated neurons in the infected host. Our follow up hypothesis was that mitochondrial fission may contribute to the ensuing apoptosis in infected cells. Our TEM studies revealed cellular morphology that was consistent with exaggerated membrane blebbing and apoptosis.
When treated with an inhibitor of mitochondrial fission, we observed a statistically significant reduction in caspase cleavage, thus adding support to our suggestion that mitochondrial fission was a contributor to apoptosis of VEEV-infected cells.
Mitophagy is a mitochondrial elimination process in which defective mitochondria are enveloped in lipid bilayers to form autophagosomes that contain whole mitochondria. Such mitochondrial engulfment by the phagosomes leads to selective elimination of damaged mitochondria, thus decreasing the mitochondrial dysfunction load as a means of restoring cellular health. We observed that mitochondrial alterations in VEEV-infected cells contributed to mitophagic elimination of mitochondria. In our TEM images, we also observed that there were multiple mitochondria in infected cells that were associated with encircling membranes.
Taken together, our data suggest that VEEV infection produces a significant impact on mitochondrial dynamics in infected cells. The onset of mitochondrial dysfunction during early stages of VEEV infection may set the stage for downstream events that culminate in neuronal death. Mitochondrial dysfunction may be associated in a cause and effect manner with pronounced alterations to the mitochondrial proteome; a deeper understanding of which will shed more light on the mitochondrial influence on disease progression in New World alphavirus infections. Notably, mitochondria as a therapeutic target is being explored for different neurodegenerative disorders including optic neurodegeneration. 62,63 Targeted, rationally designed combinatorial therapeutic strategies that can target infected cells and deplete viral load while rescuing mitochondrial health will be essential steps in ensuring recovery from New World alphavirus infections.
Materials and Methods
Viruses and Cell Lines
The live-attenuated virus (TC-83) and C6/36 cells used in this study were obtained from BEI 
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